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Available online 21 June 2011AbstractHere, we describe a technique that allows the genetic linage analysis of 16S rRNA genes in bacteria observed under a micro-
scope. The technique includes the isolation of microbial cells using a laser microdissection microscope, lysis of the cells, and
amplification of the 16S rRNA genes in the isolated cells without interference by bacterial DNA contamination from the exper-
imental environment or reagents. Using this technique, we successfully determined 15 16S rRNA gene sequences in cells isolated
from an Antarctic iceberg. These sequences showed 94%e100% identity to their closest strains, which included bacteria that occur
in aqueous, marine, and soil environments.
 2011 Elsevier B.V. and NIPR. All rights reserved.
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Many of the bacteria present in the environment are
demonstrably difficult to culture (Rappe and
Giovannoni, 2003). Uncultured bacteria have usually
been taxonomically characterized by the analysis of
either 16S rRNA gene libraries amplified from the
DNA in environmental samples (Olsen et al., 1986) or
environmental metagenomic sequences (Venter et al.,
2004). Although these analyses have enormously
increased our understanding of the bacterial species* Corresponding author. Tel./fax: þ81 55 981 6766.
E-mail address: kyanagih@lab.nig.ac.jp (K. Yanagihara).
1873-9652/$ - see front matter  2011 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2011.06.001present in the environment, the techniques have many
drawbacks that are often overlooked. The efficiency of
cell lysis (LaMontagne et al., 2002; Lipp et al., 2008),
the sequences of the primer-binding sites (Sipos et al.,
2007), and the copy number of the 16S rRNA genes
(Farrelly et al., 1995) often vary between bacteria, and
all these variables contribute to a biased estimate of the
populations of species. Therefore, the identification of
a species from a single cell is thought to be optimal.
The isolation of single prokaryotic cells has been
achieved with various techniques, including serial
dilution (Zhang et al., 2006), micromanipulation
(Ishoy et al., 2006), microfluidic devices (Ottesen
et al., 2006), fluorescence-activated cell sortingreserved.
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2007), and laser optical tweezers (Frohlich and Konig,
2000). The genomes of the isolated cells have been
amplified using f29 DNA polymerase in nanoscale
reactors to minimize their contamination with exoge-
nous DNA (Hutchison et al., 2005; Marcy et al., 2007).
The 16S rRNA gene can also be cloned using PCR
amplification of the genome to determine the species of
the isolated bacterium (Ishoey et al., 2008; Ottesen
et al., 2006). Laser microdissection, a useful tech-
nique with which to collect selected cells for DNA/
RNA and protein analyses (Espina et al., 2006), has
also been used to isolate bacterial cells (Gloess et al.,
2008). Gloess et al. (2008) successfully amplified the
16S rRNA genes from 100 excised cells. To the best of
our knowledge, the amplification of DNA from single
bacterial cells isolated by laser microdissection has not
yet been reported.
Antarctic ice cores are reported to contain microbial
cells that are thought to have been preserved for up to
two million years (D’Elia et al., 2008). Analyzing the
genomic information of the bacteria in an ice core,
corresponding to different time periods, may provide
us with a unique example of the processes of bacterial
genomic evolution. Culturable bacteria have been
successfully recovered from ice cores (Miteva et al.,
2004), although it took about a year to recover them
and the procedure may not have recovered all the
bacteria. In this study, we developed a technique to
analyze the 16S rRNA genes of single cells included in
an ice sample. Because of the limited availability of ice
core samples, we used an iceberg sample as the model.
Single bacterial cells were isolated with a laser
microdissection microscope. Our procedure did not
require a nanoscale reactor or reamplification of the
16S rRNA gene. Using this technique, we identified the
bacterial species present in the Antarctic iceberg. The
single-cell techniques described here could be directly
applicable to Antarctic ice cores, and may prove useful
in many research fields, including marine biology,
geobiology, and medical research, where the amount of
sample is often limited.
2. Materials and methods
2.1. Reagents and plastic ware
Ex Taq was purchased from Takara Bio (Seta,
Japan). The dNTP set was from Bioline (London, UK).
All pipette tips used were ep Dualfilter T.I.P.S.
(Eppendorf, Hamburg, Germany). Eppendorf 1.5 mL
tubes (DNA LoBind) and PCR tubes were irradiatedwith 254 nm ultraviolet irradiation (UV) at a dose of
5000 J/m2 before use (CX-2000 Crosslinker, UVP,
Upland, CA, USA).
2.2. Water
Distilled MilliQ water (d-MilliQ) was prepared as
follows. First, 1.5 mL tubes containing 0.5 mL of
MilliQ water were incubated on a block heater (Astec,
Shime, Japan) at 95 C. On this heater, the upper half
of the tube remained above the block, so that the vapor
was liquefied in the cap of the tube. After several
cycles of accumulation and settling of the liquefied
water from the inside the cap, the d-MilliQ was
collected from the cup and stored at 30 C until
required. The d-MilliQ samples were irradiated with
254 nm UV at a dose of 7000 J/m2 before use.
2.3. Sample preparation
Escherichia coli strain W3110 was grown in LB
broth for approximately 12 h at 30 C, and 1 mL of the
culture was collected by centrifugation at 3000 g for
10 min at 25 C. The pellets were then suspended in
distilled water and centrifuged at 3000 g for 5 min at
25 C to collect the cells. This washing step was
repeated three times and the cells were diluted 1:1000
with d-MilliQ for drying onto the film slide. The
iceberg sample was collected on the northern coast of
East Ongul Island by the 46th Japanese Antarctic
Research Expedition. The sample was keep frozen at
20 C before analysis. The iceberg fragment (126 g)
was placed in a 500 mL filter unit (Corning, Corning,
NY, USA) and washed with an equal weight of
d-MilliQ to remove any surface dirt. Any wastewater
was immediately removed by air aspiration. The
washed ice was moved into a 50 mL disposable test
tube and then thawed at room temperature. The parti-
cles in the water were collected by centrifugation at
5000 g for 15 min at 4 C and resuspended in 100 mL
of d-MilliQ. Gram staining was performed with the
Favor G kit (Nissui, Tokyo, Japan).
2.4. Isolation and lysis of single bacteria
A laser microdissection microscope (LMD6000,
Leica, Wetzlar, Germany) was placed in a room in
which the air was filtered and the humidity was
maintained at 60% using a KC-C100 air purifier (Sharp
Co., Osaka, Japan) to reduce any possible static elec-
tricity. The LMD6000 microscope was placed on
a portable bench equipped with an air-clean unit
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and ionizer (JD-02, Riken-Seiko, Kumagai, Japan).
The samples were placed on RNase-free foil slides
(Leica) and dried on a clean bench. The cells were
observed with a 150 objective lens. We selected well-
isolated cells for dissection. The parameters for laser
power, speed, and specimen balance were adjusted
individually for each experiment, so that the film was
completely cut with minimal laser power. For this
particular microscope, the UV laser passes through the
objective lens and then focuses on the film slide to
excise the film carrying the single cell. The excised
film is then collected into the cap of a PCR tube
located immediately below the slide. The size of the
excised films required to dissect out the bacterial cells
was so small that the fragments often failed to fall
down onto the cap, and instead landed back on the film
at a nearby location, possibly because of remnant static
electricity. In these cases, the tubes were discarded and
the microdissected cells were not processed further.
Lysis buffer (5 mL) containing 10 mM TriseHCl
(pH 8.0), 0.1 mM EDTA, and 0.1% Tween 20 in d-
MilliQ was added directly to the tubes containing the
dissected cells. The tubes were then vortexed, centri-
fuged, subjected to three cycles of freeze-thawing at
80 C for 10 min and 50 C for 5 min, and then
incubated at 50 C for 12 h.
2.5. PCR
The oligonucleotide primers used were NK001 (50-
GTTTGATCCTGGCTCA-30) and NK002 (50-TAC-
CAGGGTATCTAATCC-30) (Tsumori et al., 2010). TheTable 1
Phylogeny of the 16S rRNA genes isolated with single-cell PCR.
Clone Closest sequence (Accession #, Phylum, species)
1 GU425143 Actinobacteria Atopobium parvulum clone _W070
2 HQ259691 Proteobacteria Acidovorax temperans strain C24
3 HQ224549 Proteobacteria Sphingomonas sp. MS-31
4 GU936481 Actinobacteria Propionibacterium acnes strain CCAR
5 AJ746117 Proteobacteria Acidovorax sp. MG60
6 GQ244303 Actinobacteria Corynebacterium kroppenstedtii strain
7 AJ291746 Firmicutes Clostridium glycolicum strain RD-1
8 GU936481 Actinobacteria Propionibacterium acnes strain CCAR
9 GU936481 Actinobacteria Propionibacterium acnes strain CCAR
10 GU936481 Actinobacteria Propionibacterium acnes strain CCAR
11 AB440632 Proteobacteria Bartonella japonica
12 DQ914865 Cyanobacteria Chroococcidiopsis sp. CC3
13 GU936481 Actinobacteria Propionibacterium acnes strain CCAR
14 EU438953 Bacteroidetes Cloacibacterium sp. VTT E-073047
15 GU936481 Actinobacteria Propionibacterium acnes strain CCAR50 end of the NK001 and NK002 primers correspond to
positions 11 and 802 of the E. coli 16S rRNA gene,
respectively. The reagents used for the single-cell
experiments were prepared using d-MilliQ water, and
all reagents, except the dNTPs and primers, were
irradiated with 254 nm UV at a dose of 5000 J/m2
before use, unless otherwise indicated. The final
concentrations of the reagents for the PCR were as
follows: 0.025 units/mL Ex Taq, 1 Ex-Taq buffer,
0.2 mM each dNTP, and 0.5 mM each primer. Single-
cell PCR was performed in a volume of 10 mL con-
taining 5 mL of the lysed sample and PCR reagents at
the same concentrations as those used for the standard
PCR described above. The PCR conditions were (i)
2 min at 96 C, (ii) 45 cycles of 25 s at 95 C, 1 min at
50 C, and 50 s at 72 C, and (iii) 1 min at 72 C. PCR
was performed in a Mastercycler ep gradient S
(Eppendorf), and the amplified products were analyzed
on a 0.7% agarose gel in TAE buffer.
2.6. DNA sequence analyses
The amplified products were purified with Agen-
court AMPure (Beckman Coulter), according to the
manufacturer’s directions. The products were then
labeled with the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems) and were
analyzed on the 3130XL Genetic Analyzer (Applied
Biosystems). The sequences obtained were compared
with sequences in the DNA Data Bank of Japan
(DDBJ) with the BLASTN program. The sequences
have been submitted to DDBJ under accession
numbers AB598632eAB598646 (Table 1).Identity (%) Length (nt) Accession number (This study)
99.4 682 AB598646
100 690 AB598645
99.7 612 AB598644
M9102 100 685 AB598643
100 693 AB598642
LRB1 99.8 657 AB598641
97.5 553 AB598640
M9102 100 681 AB598639
M9102 100 683 AB598638
M9102 100 687 AB598637
94 650 AB598636
94.1 645 AB598635
M9102 100 677 AB598634
99.7 636 AB598633
M9102 99.8 637 AB598632
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3.1. Experimental conditions for background-free
PCR
PCR has been shown to potentially amplify genes
from single cells (Frohlich and Konig, 2000). However,
amplifying the 16S rRNA gene from a single bacterial
cell using a primer set that corresponds to regions
highly conserved among bacteria usually leads to the
amplification of contaminating bacterial DNA. In the
present study, we used Ex Taq in the single-cell PCR
because it amplifies DNA highly efficiently. In the
absence of template DNA, a combination of Ex Taq,
company-supplied reagents, and freshly prepared
MilliQ water produced 16S rRNA gene amplification
in all the samples analyzed after 45 PCR cycles
(Fig. 1A). Although UV irradiation of the reagents and
water reduced the background to some extent, back-
ground amplification was still frequent (Fig. 1B). We
first thought that the contaminating DNA derived from
the host bacteria in which the thermostable DNA
polymerase was overproduced. However, when we
cloned the amplified DNA, we found that it was not
derived from E. coli, but from environmental bacteria,
such as members of the genera Methylobacterium,
Microbacterium, Staphylococcus, Paracoccus, andFig. 1. Background amplification of the 16S rRNA gene. (A) PCR with no
UV. (B) PCR without template DNA. Reagents and MilliQ water were ir
irradiated with UV and the water was d-MilliQ or MilliQ obtained from on
PCR with or without E. coli cells. Reagents were irradiated with UV. The wa
determined by calculating the colony-forming units.Propionibacterium, which are commonly found in soil
and water samples. Therefore, we reasoned that the
water in the reaction mixture was the major source of
the contaminating bacterial DNA in our experiments.
To test this hypothesis, we distilled the MilliQ water to
remove any remnant solid materials (and designated it
“d-MilliQ”) and compared it with the MilliQ water
obtained from three independent laboratories (Fig. 1C).
We found that the MilliQ water was the major source
of contaminating bacterial DNA in our hands and that
distillation effectively removed the DNA from the
MilliQ water. We then prepared all the reagents used
for PCR in our laboratory, except the Ex Taq and 10
buffer, using d-MilliQ water. When we used these
reagents, the rate of background amplification was as
low as one per 15 reactions in 10 mL reactions. Under
these reaction conditions, 10 E. coli cells were suffi-
cient to produce significant PCR products (Fig. 1D).
3.2. Isolation of single bacterial cells and single-cell
PCR
A laser microdissection microscope (LMD6000,
Leica) was used to isolate single bacterial cells. First,
we used the Gram-negative bacteria, E. coli, as our
model sample. Approximately 40% of the dissection
attempts appeared to be successful. In these cases, thetemplate DNA. Reagents and MilliQ water were not irradiated with
radiated with UV. (C) PCR without template DNA. Reagents were
e of three independent machines, with or without UV irradiation. (D)
ter used was UV-irradiated d-MilliQ. The number of E. coli cells was
Single E.coli cells
1000
800
(bp)
Cap of PCR tube
Film slide
Single cell
PCR
Fig. 2. Isolation of single E. coli cells. The upper panel shows
a schematic diagram of the laser microdissection method. The
excised films were collected into the caps of PCR tubes. In some
cases, the excised areas failed to be collected into the caps and
instead landed back on the underside of the slide. The lower panel
shows the PCR amplification of the 16S rRNA genes from single
excised E. coli cells.
Fig. 3. Bacteria-like particles observed in an Antarctic iceberg. (A) Estima
particles that were Gram positive. (C) Bacteria-like particles that were Gra
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adhered to the flat areas of the caps were easily
detected, but the cells that adhered to the peripheral,
concave areas of the caps could not always be found
with certainty. As a result, approximately half the
samples were visually confirmed as successful and the
cells were then lysed. Seven out of eight lysed samples
produced amplified products that were identical to the
16S rRNA gene of E. coli, indicating that PCR could
identify single E. coli cells (Fig. 2). Next, we used the
Gram-positive bacteria Bacillus subtilis as another
model sample, and obtained essentially the same
results as for E. coli (data not shown).
3.3. Identification of bacteria in an iceberg
Next, we attempted to identify bacteria thought to
be present in an Antarctic iceberg and estimated thetion of the number of bacterial cells in the iceberg. (B) Bacteria-like
m negative.
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single-cell PCR protocol (Fig. 3A). PCR was per-
formed using titrated iceberg water as the sample.
Bands corresponding to the 16S rRNA gene were
detected when 1 mL and 0.1 mL samples of iceberg
water were used, suggesting that the number of
bacteria in the iceberg was less than 10 cells/mL. To
prepare the iceberg samples for microdissection, the
bacteria in the iceberg water were concentrated by
centrifugation. The particles contained in the iceberg
appeared to be predominantly diatoms, algae, and other
plankton. Bacteria-like particles were also observed.
Fig. 3B and C shows images of Gram-stained bacteria-
like particles found in the iceberg. These bacteria were
often present as multicellular aggregates. We selected
the bacteria that were present as single cells for
isolation. Fig. 4A shows an example of the amplifica-
tion of the 16S rRNA gene from single cells. When
using the iceberg concentrate as the sample for PCR,
the length of the PCR products varied from about 800Fig. 4. Amplification of the 16S rRNA genes isolated from single bacteria-l
isolated using laser microdissection. Red arrows indicate the particles to b
isolated cells. The numbers correspond to that in A. d-milliQ indicates the
interpretation of the references to colour in this figure legend, the reader ito 1000 bp, indicating that the sample contained
multiple bacterial species (Fig. 4B). When an isolated
bacterium was used as the sample, the length of each
PCR product was uniform, indicating that the products
were derived from single cells (Fig. 4B). Finally, we
isolated 26 bacteria-like particles for 16S rRNA
determination. In total, 21 samples were successfully
amplified, and the sequences of 15 products were
determined (Table 1).
4. Discussion
Retrieving genetic information from a single cell has
been enthusiastically anticipated by researchers in many
fields. However, no “whole-genome amplification kit”
for use in single cells is commercially available. This is
primarily because of high levels of contaminating DNA
in the polymerase and reagents, which prevent the
extraction of genomic DNA from single cells in
a microscale reaction, the reaction size that mostike particles found in an Antarctic iceberg. (A) Bacteria-like particles
e isolated. (B) PCR amplification of the 16S rRNA genes from the
PCR amplification without iceberg sample as negative control. (For
s referred to the web version of this article.)
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Nanoscale reactors have been successfully used to
minimize contamination with exogenous DNA and to
optimize the substrate/enzyme ratio and concentrations
(Hutchison et al., 2005; Marcy et al., 2007).
In this report, we describe a simple procedure that
allows the amplification of the 16S rRNA gene in single
bacteria that are isolated under a microscope. This
method includes the isolation of single bacterial cells by
microdissection and single-cell PCR with no ream-
plification step. The isolation of bacteria with the Leica
LMD6000 microscope seemed to be hindered by static
electricity. The installation of an ionizer near the
microscope appeared to resolve the problem of static
electricity build-up to some extent. Although microdis-
section is a relatively low-throughput method compared
with flow sorting, it has conspicuous advantages,
including the capacity to observe cell morphology, and it
is associated with a high degree of certainty that a single
cell is delivered to the reaction tube.
Using this technique, we demonstrated the presence
of different bacterial species in an iceberg sample.
These species shared 94%e100% identity in the 16S
rRNA genes of their closest sequences/organisms in
the DDBJ ALL database, as of 31 October 2010 (Table
1). Clone 1 showed 99.4% identity to Atopobium
parvulum clone W070, which was isolated from the
human oral cavity. Clone 2 showed 100% identity to
Acidovorax temperans strain C24, which was isolated
from activated sludge. Clone 3 showed 99.7% identity
to Sphingomonas sp. MS-31, which was isolated from
a marine sponge. Clone 5 showed 100% identity to
Acidovorax sp. MG60, which was isolated from
a hemodialysis water distribution system. Clone 6
showed 99.8% identity to Corynebacterium kroppen-
stedtii strain LRB1, which was isolated from granu-
lomatous mastitis in a 41-year-old Caucasian woman.
Clone 7 showed 97.5% identity to Clostridium glyco-
licum strain RD-1, which is an aerotolerant acetogen
isolated from sea-grass roots. Clone 11 showed 94%
identity to Bartonella japonica, which was isolated
from the blood of an Apodemus mouse. Clone 12
showed 94.1% identity to Chroococcidiopsis sp. CC3,
which was isolated from quartz hypoliths. Clone 14
showed 99.7% identity to Cloacibacterium sp. VTT E-
073047, which was isolated from paper mill pulp
containing recycled fibers. Six clones (4, 8, 9, 10, 13,
and 15) showed 99.8% or 100% identity to the known
Propionibacterium that is commonly found on human
skin. To summarize, the strains most closely related to
eight clones (1, 4, 6, 8, 9, 10, 13, and 15) were found in
human samples; the strains most closely related tothree clones (2, 5, and 14) were found in aqueous
environments; the strains most closely related to two
clones (3 and 7) were found in marine samples; the
strain most closely related to one clone (12) was found
in a soil environment; and the strain most closely
related to one clone (11) was found in a mouse sample.
Because the iceberg was derived from snow accumu-
lated in Antarctica, it may contain all kinds of airborne
bacteria in addition to water/marine/soil bacteria. We
can infer that the eight clones that showed 99.4%e
100% identity to human-related bacteria were not
originally present in the iceberg. If this is the case, the
contamination probably occurred during the handling
of the ice before we received it. With our procedure,
we expected only two amplified products to arise from
contaminated DNA in the reaction mixture during 26
amplification attempts.
Amplification of the 16S rRNA gene from a single
bacterium has been reported by other groups using
a combination of multiple displacement amplification
and PCR (Raghunathan et al., 2005). Our technique has
the advantage of requiring only one simple amplifica-
tion step to isolate the 16S rRNA gene from the
bacterium of interest. The capacity to amplify the 16S
rRNA gene from specific bacteria may be especially
useful in studying nonculturable bacteria, heteroge-
neous species, and bacterial communities in many
research fields.
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